Abstract
INTRODUCTION
C orneal cross-linking (CXL) can strengthen the biomechanical properties of the cornea and halt the progression of ectatic diseases [1] [2] . Thus, this surgical approach has become one of the most important treatment options for keratoconus in recent years [3] [4] . The standard CXL technique works by removing the epithelial layer to allow riboflavin to penetrate the corneal stroma [5] [6] .
Epithelium-off CXL can effectively manage the progression of keratoconus and improve visual acuity [3] [4] [5] [6] . However, some complications, such as postoperative pain [7] , worse visual acuity after correction, infectious keratitis, and haze formations in the stroma, have been reported [8] [9] [10] . Transepithelial corneal cross-linking (TE-CXL) was developed to avoid these complications and has become increasingly popular over the past 10y [11] [12] [13] . However, some studies have shown that the stromal riboflavin level of TE-CXL is insufficient and that the efficacy of TE-CXL cannot match that of standard epitheliumoff CXL [14] [15] . Iontophoresis-assisted corneal cross-linking (I-CXL), a modified TE-CXL technique, has been applied in recent years. This approach is based on the theory that a small electric current can non-invasively enhance the penetration of an ionized drug. In some ex-vivo studies, the I-CXL protocol improved transepithelial riboflavin penetration in the corneal stroma [16] [17] . In addition, an animal study showed that I-CXL could significantly increase mechanical strength and collagenase resistance [18] . Some initial clinical results have shown that compared with traditional TE-CXL, I-CXL can increase the levels of riboflavin in the stroma and that the effect of I-CXL is stronger than that of traditional TE-CXL [14, [19] [20] . However, there are no consensus guidelines for the application of the iontophoresis protocol. Currently, there are two clinical iontophoresis protocols that differ in terms of the procedure duration; the duration of iontophoresis treatment is 5min in one protocol and 10min in the other. Regarding the riboflavin concentration in the stroma, an in vivo study showed that the riboflavin concentration in rabbit corneas treated by iontophoresis was 2-fold greater after treatment for 10min than after treatment for 5min [21] . Although some initial clinical results have shown that this CXL protocol could effectively halt the progression of keratoconus [20, [22] [23] [24] , there is no comparative clinical study of I-CXL for 5 and 10min, and studies of microstructural changes due to I-CXL are limited. In this study, we compared microstructural changes and evaluated the efficacy and safety of these two I-CXL protocols for the treatment of keratoconus over a one-year follow-up period.
SUBJECTS AND METHODS Ethical Approval
The study was approved by Hankou Aier Eye Hospital Ethics Committee under the principles of the Declaration of Helsinki and registered at www.chictr.org.cn (identification number ChiCTR1800019878). All patients signed a medical informed consent document before surgery. Subjects This study was designed as a prospective, continuous, non-randomized clinical evaluation of patients diagnosed with progressive keratoconus between December 2015 and February 2016. Eighteen eyes of 18 patients were treated with I-CXL using the 5min protocol, and 24 eyes of 24 patients were treated with I-CXL using the 10min protocol. Inclusion criteria included an increase of at least 1 diopter (D) in the Kmax value derived from computerized corneal topography over the preceding 12mo. Exclusion criteria included a minimum corneal thickness less than 400 µm, central corneal scarring, previous corneal surgery, a history of chemical burns, severe infections, and other corneal or ocular surface disorders. At 12mo postoperatively, the clinical stabilization of keratoconus was defined as a Kmax increase no more than 1 D over the preoperative value. Assessments During the baseline and postoperative visits at 1, 3, 6, and 12mo, the following assessments were performed: uncorrected visual acuity [UCVA; expressed as the logarithm of the minimum angle of resolution (logMAR)], corrected distance visual acuity (CDVA; expressed as the logMAR), spherical and cylindrical error on subjective refraction, spherical equivalent, Kmax, Ksteep, Kflat, minimum corneal thickness (Pentacam, Oculus, Germany), and demarcation line evaluation using optical coherence tomography (OCT; Topcon, Japan). Confocal microscopy was performed using an HRT-3 (Heidelberg, Germany). Stromal demarcation line depth was measured by anterior segment OCT 1mo postoperatively by 2 separate examiners. All confocal microscopy images measured 384×384 pixels over a 400×400 mm 2 field of view. The first clear images of the nerves at the level of Bowman's layer were used to evaluate subbasal nerve density using Neuron J software (US National Institutes of Health, Bethesda, MD, USA). The first clear images at the level of 120 µm deep in the anterior stroma were used to evaluate keratocyte density using the HRT-3 cell counting module (Heidelberg Engineering GmBH, Dossenheim, Germany). Surgical Procedures All patients received 0.5% levofloxacin drops 4 times a day for 3d before surgery. Thirty minutes prior to surgery, 2% pilocarpine (Sigma-Aldrich, USA) and 0.4% oxybuprocaine hydrochloride (Bausch & LombPty Ltd., NSW, Australia) drops were administered 3 times, with 5min between each administration. After a return electrode was adhered to the patient's forehead, a suction ring connected to a current generator with a 1.0 mA current was placed on the cornea. The whole metal net of the iontophoresis device was submerged under 0.1% dextran-free riboflavin (Ricrolin+; SOOFT, Montegiorgio, Italy). The patients were divided into the following subgroups according to the conduction duration: 5 and 10min (the total current intensities were 5 and 10 mA, respectively). After conduction, the cornea was exposed to 370 nm UVA light (Vega 10 mW, CSO, Firenze, Italy) for 9min (5.4 J/cm 2 surface dose) at an irradiance of 10 mW/cm 2 . Statistical Analysis Statistical analyses were performed using SPSS 18.0 software. The difference in each parameter between baseline and each time point (1, 3, 6, and 12mo) was calculated for each eye. Differences within each group were compared using one-way analysis of variance. Differences between results at 1, 3, 6, and 12mo postoperatively and baseline were compared using paired t-tests. Baseline characteristics were analyzed by independent samples t-test. P value <0.05 was considered statistically significant. RESULTS A total of 42 eyes of 42 patients with a mean age of 19.4±3.3y (range: 15-29y) were included. Twenty-six patients were men (61.9%), and 16 were women (38.1%). Each patient received treatment in one eye only. Baseline characteristics are listed in Table 1 . Visual Acuity and Refractive Outcomes The visual acuity outcomes after surgery for the two groups are shown in Table 2 . UCVA and CDVA showed improvement in both groups 12mo postoperatively, with a better outcome in the I-CXL 10min group (P=0.025 and 0.021, respectively). Additionally, all the results showed that the CDVA was significantly improved during the entire follow-up period in the I-CXL 10min group, while it was improved only at 1mo after surgery in the I-CXL 5min group ( Table 2 ), with a significant difference between the two groups (P=0.028). Kmax steepened by more than 1.00 D in 5 eyes in the I-CXL 5min group (27.8%) and 4 eyes in the I-CXL 10min group (16.7%). The corneal thickness at the thinnest point decreased by 11.13±17.3 μm in the I-CXL 5min group at 12mo postoperatively compared with that at baseline (P=0.026). Although corneal thickness was decreased at 1, 3 and 6mo postoperatively in the I-CXL 10min group, there was no significant difference at 12mo postoperatively (P=0.142). Demarcation Line Over time, visualization of the demarcation line becomes increasingly difficult. The demarcation line was visualized most clearly at 1mo postoperatively. The demarcation line was detected in 47.1% of eyes in the I-CXL 10min group, with an average depth of 260±36 μm at 1mo postoperatively. In the I-CXL 5min group, the demarcation line was visible in 22.2% of patients with a depth of 246±44 μm. Confocal Microscopy Morphologic changes in anterior stromal keratocytes and subbasal nerve are shown in Figures 1 and 2 . Confocal microscopy images of anterior stromal keratocytes (depth of 120 μm) in the two groups were selected for quantitative analysis preoperatively and at 1, 3, 6, and 12mo postoperatively ( Table 3) . The results showed greater anterior stromal keratocyte decreases in the I-CXL 10min group than in the I-CXL 5min group at 3 and 6mo postoperatively (P˂0.001). However, there was no significant difference between the two groups at 12mo postoperatively (P=0.206). In addition, the subbasal nerve densities in both groups showed the greatest decreases at 1mo postoperatively (P˂0.001). The densities gradually increased and stabilized in both groups at 12mo postoperatively (Table 3) . Subbasal nerve density showed no significant differences between the two groups at 1, 6 and 12mo postoperatively, although there was a significant difference at 3mo postoperatively (P=0.041). Endothelial cell density counts showed no significant differences between the two groups at 12mo postoperatively (P=0.169). 
DISCUSSION
Iontophoresis has been developed as a novel drug delivery approach for riboflavin and I-CXL effectively halts the progression of keratoconus [20, 23] . A randomized controlled clinical trial between I-CXL and standard CXL (Dresden protocol) demonstrated that I-CXL could achieve the same clinical result as standard CXL [25] . However, this previous study did not reach a conclusion regarding the duration of the iontophoresis procedure during surgery. The current study was the first to compare the clinical effects of two different I-CXL treatment durations. Our study showed that I-CXL for 10min could halt the progression of keratoconus more effectively than I-CXL for 5min when assessed at one year postoperatively. In terms of efficacy, compared with UCVA and CDVA at baseline, UCVA and CDVA at 12mo postoperatively were improved in both groups. The corneal topography results showed that Kmax values were decreased after 12mo only in the I-CXL 10min group, while the I-CXL 5min group showed an increase. Based on these visual acuity and refractive outcomes, we concluded that both I-CXL protocols could improve morphologic parameters and visual quality, although 10min of I-CXL demonstrated more significant effects. We defined CXL failure as an increase of more than 1 D, indicating keratoconus progression [26] [27] . Our results showed that CXL failure occurred in 5 eyes in the I-CXL 5min group (27.8%) and 4 eyes in the I-CXL 10min group (16.7%). Several factors contribute to CXL failure, including a preoperative Kmax greater than 58.00 D [8] . In this study, a preoperative Kmax greater than 58.00 D was found in 10 eyes in the I-CXL 5min group (55.6%) and 14 eyes in the I-CXL 10min group (58.3%). CXL failure happened only in 3 eyes and 1 eye with a preoperative Kmax greater than 58.00 D in the I-CXL 5min and I-CXL 10min groups, respectively. Thus, we concluded that there was no correlation between a high preoperative Kmax and keratoconus progression. In addition to keratometry values, another important corneal topography observation index is corneal thickness at its thinnest point. Our results showed that the thinnest corneal thickness in both groups declined compared with the baseline value, especially in the I-CXL 10min group. Corneal thickness I-CXL 5min group; A3, A4, B3, B4, C3, C4, D3, D4, E3, E4: I-CXL 10min group. The corneal confocal microscopy images are 400×400 mm declined at 1mo postoperatively in the I-CXL 10min group; however, it increased slightly and then stabilized at 12mo postoperatively. Other studies have also shown decreases in postoperative corneal thickness compared with preoperative corneal thickness [27] [28] . However, O'Brart et al [29] reported that corneal thickness was unchanged in an epithelium-off CXL group in their seven-year follow-up study. Therefore, additional time is needed to observe changes in corneal thickness after I-CXL. Moreover, whether there is a correlation between microstructural alterations and the biomechanical response of the cornea after the I-CXL procedure is unclear. Thus, future studies should focus on biomechanical changes in the cornea. The demarcation line has been associated with the effectiveness of CXL treatment because deeper CXL treatment produces additional photochemical reactions and causes the cornea to become stiffer [30] [31] [32] . We observed that the demarcation line was visualized more frequently and clearly and appeared to be deeper in the I-CXL 10min group at 1mo postoperatively. However, we could not evaluate stromal fluorescence after riboflavin application during surgery; this evaluation would have objectively provided information on the riboflavin concentration.
In terms of safety, we did not observe any complications in our patients after I-CXL, including haze or infection. Confocal microscopy showed that subbasal nerve density was not significantly different between the two groups (Table 3) , and subbasal nerve density stabilized at 12mo postoperatively.
Although the results showed that anterior stromal keratocytes decreased after the operation, this value was not significantly different between the two groups at 12mo postoperatively (P=0.206). We initially hypothesized that the subbasal nerve density and anterior stromal keratocytes in the I-CXL 10min group would be lower than those in the I-CXL 5min group [33] . According to our results, 10min of iontophoresis is safe in regard to subbasal nerve density. However, considering that our assessment of subbasal nerve density was limited, future studies should focus greater attention on subbasal nerve density as an indicator of the safety of CXL. Additionally, according to some recently obtained data after 2y of follow-up, anterior stromal keratocytes and subbasal nerve density were not significantly different between I-CXL 5min and I-CXL 10min group (data not shown). Another indicator of safety is endothelial cell density, and our results showed that endothelial cell density remained stable after both I-CXL protocols (Table 2) , which is consistent with the results of many other studies [24] [25] [26] . Thus, we concluded that 10min of I-CXL was safe in regard to the corneal microstructure.
In conclusion, our results showed that I-CXL 10min could more effectively halt the progression of keratoconus than I-CXL 5min after 12mo of follow-up. Nevertheless, more long-term follow-up studies are needed to evaluate the efficacy and safety of I-CXL. Moreover, future studies should compare the efficacy of I-CXL with that of standard epithelium-off CXL as well as other types of accelerated CXL.
